The detection of existence of fullerenes (C 60 and C 70 ) makes it necessary to explore whether soot nanoparticles can participate in new nanometer-sized particle formation and growth in the atmosphere. This study describes a theoretical investigation at multiple levels on the role of the fullerenes (as model compounds to represent nanoparticles of soot) in the formation of complexes with a common atmospheric nucleating precursor (sulfuric acid, SA) and a biogenic organic acid (cis-pinonic acid, CPA), as well as initial growth of nano-sized biogenic aerosols. Quantum chemical density-functional theory calculations identify the formation of stable fullerene-[CPA-SA] ternary complexes, which likely leads to an enhanced nucleation of SA with CPA. Relevant thermochemical parameters including the changes of Gibbs free energy, enthalpy, and entropy for the complex formation also support that fullerene-[CPA-SA] is most likely to be a newly formed nuclei. The sizes of the critical nucleus of the fullerene-[CPA-SA-H 2 O] systems were found to be approximately 1.3 nm by large-scale molecular dynamics simulations. This study may provide a new insight into the mechanisms underlying the formation of new particle in the atmospheric environment.
Introduction
New particle formation is an important process affecting the properties of aerosols in the atmospheric environment [1, 2] . New particle formation can be divided into two main processes [3] . The first part is nucleating, and the second part is the growth of the nucleus. Due to its low saturated vapor pressure, SA is considered to be a critical species for new particle formation [4] . It is commonly recognized that binary nucleation theory is not sufficient to explain atmospheric new particle formation, which likely implies participation of other species in nucleation, in addition to SA [1, 2, 5] .
To date, the production of nanomaterials has increased vigorously, resulting in the high probability of occurrence of nanoparticles in the atmosphere and toxic effects due to their incidental emissions from urban and industrial development [6] [7] [8] [9] [10] . Carbon-based nanomaterials with different types have been shown to appear in usual hydrocarbon flames and emitted from normal heat sources [11] . For example, Sanchís et al. [12] found that the median phase concentrations of C 60 and C 70 fullerenes aerosol were 0.06 and 0.48 ng/m 3 , respectively for the Mediterranean Sea atmosphere. Moreover, C 70 fullerene was the most frequently detected compound and it was also found in higher concentrations for most samples, reaching 233.8 ng/m 3 [12] . It is reasonable to believe that soot nanoparticles occur ubiquitously in the atmosphere. Therefore, urgent attention and consideration are needed to investigate whether soot nanoparticles can partake in the formation of new atmospheric particles.
In the present study, we provided a theoretical description of the possible involvement of fullerene (C 60 or C 70 ) seeds in atmospheric new particle formation. The fullerenes as model compounds to represent nanoparticles of soot can provide certain evidence for the growing importance of soot and the more general absorbing aerosol varieties of black and brown carbon in the atmosphere. Based on the Local Density Approximation (LDA) and Generalized Gradient Approximation with Dispersion-corrected Density-Functional Theory (GGA+DFT-D) methods, optimized geometries of Cis-Pinonic Acid-Sulfuric Acid (CPA-SA) and the combination with the C 60 and C 70 seeds are achieved. In addition, binding energy (E B ) and thermochemical parameters have been calculated to evaluate the stability of complexes. Furthermore, we characterized the sizes of the critical nucleus by large-scale Molecular Dynamics (MD) simulations.
Computational Methods

Density-Functional Theory Calculations
Forcite Plus code was used to obtain the initial optimized structures of the studied systems at a molecular mechanics level [13] [14] [15] [16] . The atomic configuration with the lowest total energy for each system was built as a set of inputs for geometry optimization and properties calculation at a quantum mechanics level. All the quantum-chemical calculations were performed using the Dmol 3 code in the Density-Functional Theory (DFT) framework. In this study, the LDA and the GGA+DFT-D methods were employed to calculate the isolated molecules and compounds. The chosen correction methods were used for the description of dispersive forces. The exchange-correlation potential was considered for the energy calculations in LDA with the Vosko-Wilk-Nusair functional [17] and in GGA with the Perdew, Burke, and Enzerhof functional [18] . The calculations were based on a double-numeric quality basis set with polarization functions.
MD Simulations
The critical nucleus sizes were simulated using full atomistic MD simulations in the NVT ensemble using the COMPASS force field, subjected to periodic boundary conditions in all three directions. For the non-bonding interactions, the Ewald method was used to calculate the electrostatic interactions, while the atom-based method was chosen to calculate the van der Waals energy with a cutoff of 9.5 Å. Moreover, the MD simulations were performed at the temperature of 298.15 K. A simulation time of 1.0 ns was used to relax the system into equilibrium at a time step of 1 fs. All the calculations were performed with the Materials Studio 6.0 (Accelrys Inc.: San Diego, CA, USA).
Binding Energy Calculations
The value of binding energy (E B ) was utilized to estimate the stability of the complexes and the tendency of the formation process. A negative E B value corresponded to a stable interaction between the components. E B was calculated by:
where E complex , E fullerene , and E CPA´SA refer to the total energy of the fullerene-[CPA-SA] complexes, the isolated fullerene, and the CPA-SA complex, respectively.
Thermodynamic Parameter Calculations
To compute changes in thermodynamic parameters, the computed thermodynamic parameter was added to the electronic energy of each component. For the fullerene-[CPA-SA] systems, Gibbs free energy changes (∆G), enthalpy changes (∆H), and entropy changes (∆S) were calculated by the following equations:
where H is the sum of electronic and thermal enthalpies and G is the sum of electronic and thermal free energies for the optimized configurations.
Results and Discussion
Based on the LDA and the GGA+DFT-D methods, optimized geometries of the CPA-SA complex and the combination with the C 60 and C 70 seeds were achieved. As shown in Table 1 , for both the C 60 -[CPA-SA] and C 70 -[CPA-SA] systems, the E B values are negative, indicating that the formed complexes are stable. The ∆G values are also negative, which implies that the formation process of the two systems is spontaneous. Moreover, the negative ∆H and ∆S values indicate that the two systems are exothermic and are not coincident. In addition, taking into account the values of ∆H < 0 and ∆S < 0, van der Waals interaction may mainly contribute to the driving force in these systems. Hydrogen bonds can be also a driving mechanism for the formation of the SA-organic acid complexes [19] . Based on the optimized structures obtained from the DFT methods, changes in hydrogen bond length for the CPA-SA complex were observed in the absence and presence of C 60 and C 70 (Figure 1 ). The addition of the double hydrogen bond length (2.589 Å) for the CPA-SA complex slightly decreases to 2.515 Å complexed by C 60 and slightly decreases to 2.560 Å complexed by C 70 , which can be judged from the LDA method ( Figure 1A ). Similar observation shows that the addition of the double hydrogen bond length (3.184 Å) for the CPA-SA complex slightly decreases to 3.114 Å complexed by C 60 and slightly decreases to 3.161 Å complexed by C 70 , which can be judged from the GGA+DFT-D method ( Figure 1B) . In general, the participance of C 60 and C 70 decreases the total hydrogen bond length and promotes the binding of the CPA-SA complex. Therefore, in light of the changes of the thermochemical properties and the hydrogen bond length, the C 60 -[CPA-SA] and C 70 -[CPA-SA] systems are likely to be a newly formed nucleus. Figure 2 depicts the MD simulations of the critical nucleus of the CPA-SA-H 2 O system in the absence and presence of the fullerenes. A previous study indicates that the critical nucleus likely consists of one CPA and three to five SA molecules along with several water (H 2 O) molecules [20] . In this study, one CPA, four SA and ten H 2 O molecules were selected to simulate the effects of the fullerenes on the nuclei sizes of the CPA-SA-H 2 O system. The estimated sizes increased from 9.56 Å for the CPA-SA complex to 10.24 Å for the critical nucleus (CPA-SA-H 2 O). It is obvious that the SA part of the complex is hydrophilic, corresponding exclusively to the growth of the cluster, while the CPA portion of the complex, which is hydrophobic, prevents interaction with additional molecules [20] . The estimated sizes of the C 60 -[CPA-SA-H 2 O] and C 70 -[CPA-SA-H 2 O] systems are 12.52 Å and 13.07 Å, respectively, which are significantly larger than the complex without the fullerenes. This implies that the growth of the critical nucleus remains when the fullerenes are presented. As aforementioned, the fullerenes can interact with the CPA-SA complex though the fullerenes and CPA are both hydrophobic. Thus, the fullerenes may mitigate the inhibition effect of CPA on the cluster growth. It can be concluded that the fullerene seeds strongly influence the formation of terrestrial biogenic particles. In general, this study describes an important model compound (fullerene) for heterogeneous nucleation, and thus the results of this study can be used to stimulate further experimental and theoretical studies in this direction. Figure 2 depicts the MD simulations of the critical nucleus of the CPA-SA-H2O system in the absence and presence of the fullerenes. A previous study indicates that the critical nucleus likely consists of one CPA and three to five SA molecules along with several water (H2O) molecules [20] . In this study, one CPA, four SA and ten H2O molecules were selected to simulate the effects of the fullerenes on the nuclei sizes of the CPA-SA-H2O system. The estimated sizes increased from 9.56 Å for the CPA-SA complex to 10.24 Å for the critical nucleus (CPA-SA-H2O). It is obvious that the SA part of the complex is hydrophilic, corresponding exclusively to the growth of the cluster, while the CPA portion of the complex, which is hydrophobic, prevents interaction with additional molecules [20] . The estimated sizes of the C60-[CPA-SA-H2O] and C70-[CPA-SA-H2O] systems are 12.52 Å and 13.07 Å , respectively, which are significantly larger than the complex without the fullerenes. This implies that the growth of the critical nucleus remains when the fullerenes are presented. As aforementioned, the fullerenes can interact with the CPA-SA complex though the fullerenes and CPA are both hydrophobic. Thus, the fullerenes may mitigate the inhibition effect of CPA on the cluster growth. It can be concluded that the fullerene seeds strongly influence the formation of terrestrial biogenic particles. In general, this study describes an important model compound (fullerene) for heterogeneous nucleation, and thus the results of this study can be used to stimulate further experimental and theoretical studies in this direction. 
Conclusions
Taking comprehensive account of the thermochemical changes and the hydrogen bond length changes from both the LDA and GGA+DFT-D methods, the participance of the C60 and C70 seeds is in favor of the formation of new atmospheric particles with the nuclei of the CPA-SA complex. The large-scale MD simulations suggest that the sizes of the critical nucleus of the fullerene-[CPA-SA-H2O] systems were found to be approximately 1.3 nm. The strong interactions between soot nanoparticles and biogenic particles, as well as anthropogenic sulfur released, potentially exert 
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